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A stat_ _sem b]e of laxge eddy s_ ul_tJons :isrun sin ukzaneous_ fDr the sam e

_w. The hfDzra atJon provided by dqe di erent ]arge-sca]e vebc/ty e]ds Js used in an

ensem b]e-averaged vein of the dynam JcmodeL T his pl_duces bcalm odelpaxam eners

that on_ depend on the stati_ properties of the ow. A n inportDnt plImperty of

the ensem b]e-ave_aged dynam i: proceduz_ Js that Jt does not require any spatial aver-

agog and can thus be used h ful)y iqhGm ogeneous ows. A ]so, d_e 6ns_n b]e of LE S's

provides stat/st_ of the _xge-sza]e vebcJLy that can be used fDr buik_hg new models

fDr the subgrJd_aca]e stress tensor. The ensem b]e-ave_aged dynam _ pzooedure has been

inp_m ent_d with varbusm odels fDr three _s: dec_yilg Js3tr_p_ D/zbul_nce, _9l_

/sotr_pJc tu_bu]enae, and the tin e_devebp_g plane wake. I t/s fDund that the resl]_s are

aln ost hdepesdent of the num ber ofLE S's _ the stati_l ens_n b]e p_mvJded that the

enssu b]e cnntahs at ]east 16 ree_t_ns.

i. Introduction

Thenumberofdegreesoffreedom needed to chazact_r/zeavebc_y e]d u, thatcorre-

spondstD a tu_bul_It Gw Jsknc_n to hcL_ease as Re _/4 (R_! istheReyno]dsnumber) _2

dlree din ens_nal tunbu]ent systmm s.D Jrectnum em-Jcals_ u%_tJons _3N S ) of the N av_r{

Stokes equat_ns gove_nhg the evol/tJon of such syst_n s are thus ]in ited to m oderate_

sn a/l Reynolfls numbers. There Js thus an ht_mest _ deve_hg techniques h whJd%

on_ a fraction of the tDt_inumber old--of fre_dcm Js actual_ sin ulat_d. Am ong

these tedlnrlues, Large Eddy S1nu]atJon _ES) and Reyno]ds Averaged Navi_x{Stokes

_RANS) s_ u]atJon have attzact_d mud% interest _ the past f_w decades. InLES, the

numberofd_of freedcma Jsreduced byus_g a spat/al _g:

0_) = /dyG(x-y)u_), (ii)

whemeC isthe ]£erkemnelandH, istheLES e]d.lnRANS,anensemb]eave_g_ngJs

usedtDde netheRANS e]dUi:
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Inbothcases,theequationsfDr_i or fDrU_ cont_ an unknown _ t_nn that requires

m odellhg. T he purpose of the appzoad_ devebped here is _ cam bine conc_0ts frnm the

two m ethods to produce a statJstJcmlver_d3n ofLES.

T he p_sent approad% ism ot/vatsd by the fact that, in both LE S and RAN S, models

fDr the degrees of freedcm thathavebeen elin inatBd areinspJrsd fr_n sta_theor_

oftufou]6nce. I tJs thus in plb_]y assure ed that the ]feting and ensemb]e averaging can

both be regarded as projgctg_e operati]ns that assocJat_ a hum bet of di erent ve_bcJty

r_lg_tJons w Jth a shg]e LE S or RAN S e]d. T here is,how ever, an in portant di erenoe

between ensstt b]e averaging and spat/al ker_g. The ensemb]e averaging operation ze-

duces the number ofdegIEes of freedam by so much that aln ostno usefnlinfDnn atJon on

the ucD_atbns 6"ui :--u_ - (}i can be deduced from the knowledge of[/{ abne. On the

otherhand, InLES the statistizs ofthe unresolved sca]eszz' : u_ _7_ mustbe cbs_ly

related _ the statistizs of the reso]ued scales {, shoe there is no clear sc_Je separation

between them .Hence, know]edgeofthestatistizalpropertJesoftheLES e]dsui should

be heJpful in devebping LE S m odels. T he advantage of studying a statJstiml ensem -

b]e of LE S's Js the abil_y to extract sta_ infDnn atJen fDr building m ode/s fDr the

unresoIIed scales. This willbe expbred in Sectbn 3.

Thede nitJon ofequJu-al_tand indep6_ldentLES eJds isnotn_ obvJousand

_nou]d probably depend on dqe m otg/ati)n _r the sin u]atign. W e propose in Secti]n 2

scrn e conditigns underwhJch two sin u]atJans ofa tu_bu]6_t ow w illbe supposed tD be

independent and equ_t. InSect/Dn 3, wew ill/now that the know ]edge ofan ensem b]e

ofLE S's yields a good fram e_ork fDr devebpmg a bcalversbn of the dynam Jc procedure

in w hiln m odelparam et_rs are cam put_d ushg statistical quant/tJ6_. T he applbatJon of

this approach to JsotropJc turbu]anoe Jspz_s_nt_d in SectJon 4.App]Jcati]n to the wake

ow Jspresented h Se_ti3n 5. InthJs last case, it Js _nown that the know]edge ofan

ensemb]e of realisations can be used to devebp new models that explhit/y inoorpoma_e

averaged quantities m ade avaJ]ab]e dlrough the enssm b]e.

2. StatJstJcalensemb]e ofLES's

T he equatbn fDr ]azge eddy sin u]atbn (LE S ) isobt2mhed by applying a spatial iter tm

theNavJ_r{Stokesequat_bns. TheLES equat_n thusdescrgDes thee-vo]ut=bn of a ltered

ve]oc/L-y eli _, which explhgz]y depends on the sm a/l sc2Jes through the subgrg]

Stre_STij : f_{tlj -- t_ _1) :

_)_E_+ _./fij_ : -i_,_ + _4,Vzun_- #3_u. (21)
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ForsireplbJty,weon_oons]der91cc,npr_]e ows,h whi:hp,thepressuredividedby
thedens_y,isdetennbedbyd_ehccmpr_il_-y condg_on.Theunknown_ensorTu
appears h the equation fDr d_e ]azge-sca]e vebcJty ui but ]t depends on the s_ a/l-smm]e

ve]oc/by e]d. The purpose of this study is to expbrE the advantages of sgn ukaneously

nnlning several sta_ equ_t and i%dependent LES's fDr the sam e ow . In

pract_, we thus replace the equation (2A) by the _Dlk_ i%g set ofequatJons fDr R large-

scale vebc_y e]ds 3[ :

OtiS[ + Bju/u, = -0z_ r + - r:%j, (22)

wherer = I,...,R.

Itis worth ment]oning that the use of an 6_ssm b]e of LE S's isnot per sem uch m ore

expens_e than the use ofa shg]e rea/_t/3n. To show this, _t us eonsdHer a stationary

LES and denote by t,_the tin e of the transit period betwe6n the beginning of the

sin u]atbn and the tin e at which the tumbula_oe becomes _lly deve_ed. Let us also

denote by t_ the tim e 00eyond _t) requk_d to converge the sta_. T hen, the C P U tim e

required for obtaining converged statJstScsw 991 a shg]e LES istl + _ .With an enssa b]e

of reel_satJons, statistics ar_ accum ulat_d over both the ensemb]e and tgn e. T bus, fmr

equkra]6nt sam pie, the ensem b]e only needs to be advanced in tgn e by the am ount t._/R.

T he totalC P U cost fDr the ensemb]e is thus R (it+ t_ /R ),w hx_n am ounts _ an overhead

of {R - l)_,tovera shg]e r_a]/s_ti3n. Ifthe ratio between the transi_t phase and the

tin e needed to conv_z_le statistizs is sm a]l then the additional cost w illbe m odera_e.

In the exam pies trsatsd bek_, this add]tJonal cost/s total_ negl_0]e. Moreover, ifthe

LE S isnot stationary and ifthere is no dJrenTJon ofhcln ogene/ty, the enssm b]e-averaged

applT]ach isprEsum ably the only way to obtain statiC.

2 i. Statis t_lly equ_t and _de6_ndent LES's

T he know ]edge of an enssab]eofLES'scan enlybeusEfmliftheLES e]ds{[ area/l

hdependent. Yet all these _]ds have to correspond to the sam e experim entalsituation

ifsome meaningful statistics are to be e_tracted _ the ensemb]e. W e therE_e must

de ne what w illbe cons_de_ sta_ equkra36nt but independent LE S e_]ds.A l-

though a proof of ex_ce and un_ueness of sol/tJons fDr the N av_er{Stokes equations

is not yet avai]ab]e, _ apzact_poi%tofv]_w a ow descrgoed by theNavJ6_r{Stokes

equat/]ns orby an LES equation Js assure ed to be ful_ de ned by the knowledge of

i. T he dora a_] _ in w hJ_h the ow is cr_nsi_er_].

2. The condkSons on the boundary _ of this dcrn a_ u_ (@T),t.): b_ (t) where the

functions b_ (_) are gJu_n.
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3.The]nJtJaleondkJonsui (x,0) : u(/0<) Vx 6 D.

How ever, in a sin u]atJon ofa t]]rbu]Ent ow onl] the dam ain and the boundary conditions

axe r_orous]z xed. Indeed,besause of the lack of sens/tJul-y to in_ eondit_ns in

turbu]6nce, di er_nt sin u]atbns w kh di erent inJt/aloonditbns _haring sam e properties

are considered to chara_ the sam e ow. Thus, the requ/r_n ent that the in95al

oond/r_bns are known is smm ewhat l__]axed fDr tulbulmt ows and the point (3) is thus

re_]aced by a weaker consist:

3 '.T he inJtig_lGond95on ui (x_0 ) : ul/(x ;wl ) is generated ushg random num betas wl

and satis es a certain number ofoonst_ts: P, [ul/]: Ps, s : i,... S.

For exam p]e, iq homogeneous tu_bulmce, the most im portant consist w illbe on the

spectrum E (k) ofu{_ :

k /a ],<, :E(k) (22)

where 0 is the Fourier transfDnn oful/ and is the solh] angle in thewavenumber

dak : k2d dk. For channel ow, one could impose the p]ane_veraged pro ]e ofboth

the ve_bc_-y U _) and the Reyno]ds stress R u _ ):

(u"_ = U (rJ)6i,l (2.4)
l /2,z

({U','--[]_)6i,l)2)x,z : Ri] [_;) (25)

where :c,!]and z are l_o_ the bngkudina]_ the wallnonn a]_ and the tran_

d_ns and (.•)r,z reprEs_qts the average Jn plmnes parallel to the wail W e w illnot

dg_-uss in detm/l the m him alconstzailts that must be in posed on the in_ oondkJons

in order to have a reasonable sJmu]at_n. In fact, this m inim al set of constra_hts will

probably d_oend on the type of ow as well as on the quantities that are measured in

the sin u]atJon. H ere we only suppose that these constrahts do exist in order to gJue a

precise de nitbn ofequ_tLES's:

i) TwoLES'sarestatist_cally equiva]entifthedom ain ofthe ow and the boundary

condO:ions are the sam e and ifthe initialoond_dons s_ti_ the sam e set of constlmg_ts.

Carrying an ensemble of equkral_t LES's can be cc_ putatJonal_ e ectJue only if

the di erent m 6rnbers 91 the set of LES's are 91dep6ndent. Here again, the de nitJon

of ind_pend6nt LES's m x/ht d_0end on the ow as well as on the quantit_ that are

measured in the sin ulatJon. A long the sam e ]he as fDr the de nkJon of sta_

equJva_t LES 's,we propose the fDlk_ hg de n95bn :

ii) Two LES 'saxe statistically 91dependent iftheir hJtialconditJons are generated

w _[h uncoated random numbers u!l.
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W e reinark that fDr a statbnary ow, sud% equiraJ6nt and hdependent ]n_ c_n-

d/t_bns can be obtained by m/nnilg a sd%g]e LES and recordilg s_velDc/ty e]ds

ssparatEd by at ]sast one l_/ge_dy turnover t_ e when tuz]0ulanoe is ful}F deve/Dped.

22. U nk_rsalm odelpazam et_r _ LES

Clas_ closure strat_gJes in LES amount to m ode]lhg T u in t_nms of the resokred

vebc_y eli :

_,j : Cm[3_t, ], (2.6)

where isthe ]t_rw_dth.The_nsorm[3 issupposed to character_ the dependence on

both the k_rw]dth and the speci c rea/_tbn ofthe large-sc_de ow ul •On the other

hand, we w illassum e that the paz_m etherC depends on]_,on the type of ow and on the

iter shape and _noulfl not depend on any parthu]ar l_l_tJon of the lalge-sca]e ve]oc/ty

e]d._ Inthe fDl_ hg, we w illl__f_rto this ass/m ed property as the unkre_d/ty of the

model param et6_s h LE S :For a g_ gegm etry and fDr a gk_n R eynolls num her, the

m edelpa/am et__rss hou]dbe the s am e _i a/lequk_t LE S 's.T his concept o funk_i-y

does not in p_ that the model p_ ehe_s are constant _ space and tin e. C ]ear_,

C = C Cx,t) can be a e]d quant_y that needs to be adapted both _ space and tin e to

the bcalcond_tJons of the ow. However, h our approad_ the var/at_bns off.' al_ not

supposed to take their oz/2h h poss_]e uctuatbns _ the ]arge-s3a]e ow. Rather, C

is expected to depend on/_z on the averaged propert_ of the ow, and in that sense it

shares m any propert_ w i_ RAN S quanta.

T he assum pt_on that the model pazam ehers are un_zersal has a dk_zt in uence on

the _nn ulatSon ofm odels in an ensemb]e of statist_ equ_t LES's. Inthe equa-

tbns (22), these m ode]s should have the fDl_ hg structl_re:

where C /snow hdependent of the rea/_tbn _de_ 'r.

Itmust be not_, however, that the devebpm ent of the dynam]c procedure h soree

ways chall_nges th/s v_ewpoint. In the dynam _c procedure, hfDn_ at_on fram the sn all

scales of_ is used _r estim athg the model par-_ epees. This procedure is known tD

produoe h_h_ uctuat_g m odelpazam et_rs. Sud_ a property is sam etlm es regarded as

a proof of the capabil_-y of dqe dynam iz procedure ha produoe model pazam eters that

account fDrthe]ocalcondJr_onsofthe ow.Howev_r, these uctuatSons_ (" ar_respon-

sable _3r hstabil_es, and sam e avezaghg prooedures are used ha avoid this di cu]ty.

Of ,:ollrse, ]Ilore sot>histicated mof|e]s wit]* more than one tern) have also been proposed,

hut the specific roles of the model parameters and of the model tensors m,_ remain fl*esame,
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W e propose in Section 3 an approach that reconcJl_ the dynam Jc procedure w J_h the

concept ofa unJuersmlm odelparam eter. In this sense, _: is faJrl_ di erent from other

procedures in which the concept ofa unJuersg_Iparam eter has not been adopted, such as

dle bcaldynam i: pzocedure devebped by G hosalet al (1995), the Lagrang]sn dynam

procedure proposed by M 6neveau et aLL (1996), or the tin e l%gghg procedure proposed

by Pi]n el]iand L_ (1995).

2 3. New m ode/]_g concepts

Theknow]edgeofan ens_nb]eofLES e]ds opens new po_=do_ in themode]]hg of

the T_. Indeed,it ]snow conoekrab]e to introduce an exp]Jc_itdependence on ensem b]e-

averaged quantiti_ into the mode]s fDr T_'].

2 J i. M odelhmsel on the uch_athg strain tensor

T he rstm odelw e propose isbased on the uctuatJng part of the rate-of-stra_h tenser:

(- >)T_]: -2_,.,%j- <_{j - -2,,,_s0 , (2.8)

where u_ is the eddy viscos_y. T h]s _3nn u]atJon has sam e nice properties. T he averaged

totaldg_Jpat_n ]S given by

j ,r ,r

and consequently the tnJou]6nt d_JpatJon or_91ates on_ _om the uctuat/ng part of

the strain t_nser. T he m ean part contr]bu tinson_ to the m o]6cu far d_s_atbn. T his prop-

erty ensures that the m odelw illnot produce d_s_atbn in a ]am inar region. Inaddit_bn,

whi_ this model isd_patJue on average _orov]ded the eddy vi_x)sdty is positJue), hdi-

vJdual_tJons can have negative d_JpatJon, thus r_or_enthg the 91verse transfers

of energy flrrn the s_ allunres3]ued sma]es to the large ones 03ackscatter) CLeith 1990;

M ason & Thcm son 1992; C aratiet al 1995a). It]s general_ b_ that bac_hscatt6r

ordinates fr_n uctuatJon phencrnena h the subgrJd soa]es, and representation of th_

e ect through uctuatJons 91 the stra_h t_nsor is thus very reasonable.

Resuksus91g th]smodel_Dr thewake ow al_gk_] _ se_tJonsbei3w. Ithas_dy

be_n used 91 the channel ow, where the plane ofhom ogene/ty Js used to compute the

average (Schum ann 1 97 5). How ever, the ensem b]e of L E S's a]k_ s the use of such models

even 91 _IIF hhcrn ogeneous ows. O fcourse, many othermode]sm _htbe Cons_er_d

a_bng the sam e lhes, and the uctuatJng stra_ rate is not the on_ quant/ty that Could

enter the m ode]_ I n this paper, w e w ill_ our 91vest_atJons to the model (2.8) 91

the study of the wake ow. However, we m entJon hereafh_r another posmb]e use of the

kn_]6dgeofan ens_nb]eofLES's91 _hecaseofan_otropJc ows.
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2 _32. Anisotr_pJc m ode/

A n_tzopJc e ects are aln ost uni_lI] observed in tuJnul_nce. How ever, anJsotrmpy

us]a/l] ork/inat_s from corn pl_x intE_acthnsbetween ow dkectJon, sol_d boundarg_and

external constzahts lake p_ess]_ gzad_nt or g]obalrotat]on. ItJs thus quJ_e di cult to

predict a pr_ri the main oonsequences of this anJsotropy. In the context of sta_

averaged LES, we have access at any instant tn mean quant_ that will dJsplmy the

an/sotzopJc structure of the tu_bul_noe eve_ fDr fi]l]_"iuhorn ogeneous ow s.A m ode/that

wou]d dkectl] take advantage of the enssm b]e ofLES's could be:

r,_ _ _r_ik'y;iS_l, (210)

where the factor N plmys the ro]e of an eddy v_cos_ but th__ough an anJsotropi: relation

between the subgrkl scale _and the str_th t_nsor.T he t_nsor 7U _hou]d be a measure

of the anJsotropy. Itcrx/]d be constructed f_]m the vebc/ty uclmatJons:

(2i1)

Thism odel reduces to the _leddy viscosLty model _)r isotropiz turbul_nce (%u =

6u ).The s_n of the d_patbn depends on]}, on the s_n of}L shce the product of r_)

and dle stra_h tensor is ggen by

7ijSij = t_SijTik"/jlSkl = it (5'0"7ik)2. (2 12)

Moreover, if there is no tuzbuhnce in one dkectbn (6u_ = C ), the m ode/has the properW

that the components Ti_, = raj = 0. Th_s is an exp_ property that Js m issed by

i_tmp_c eddy viscosity models.

3. C oup]Jng the dynam Jc procedure and the ensemb]e ofLES's

3 i. C lass _mldynam _ proo_ures

T he dynam]c proosdur_ isbased on an JdentJZy (Germ ano 1992) that relat_stheunknown

stress generated by di erent kars:

L,j + r_3 - T_j = 0, (3 1)

wheretl}j : _i uj --ui _) isthe subgrkl s_9_]est:llm_generat3sdby the sucx:_applbation

to the ve_bcJty e]d of t_vo _ that axe respectg_]_ denot_] by - and by ^. T he L eonaxd

tensor Js gi_n by Lij = ui uj - ui _j • Itdepends only on '_, so tglat itdoesnot requk_

any m odellhg. This i:lentJty (3l) is of course only valid fmr the _xact and unknown

subgr]d scal9 stresses. W hen mode]s are used, _,3 _ Om[2 _] and T,] _ Om T._ ], the

di er_nce E,:) : Li3 + Cm_--_j- ornT between the r_ht hand s_e and the ]eft=hand s_e
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of (3l ) can be cons_ered as a m essure of the perfmnn anoe of the m odet T he dynam

prooedure uses this m easure h order to pl_x_lDe the m odelparam et_r (_ by m him ]zing

E_j .W hen a hcrnogeneous d/r_ctbn ex/sts in the prob]sn ,the estim atJon fDr C is gJ_an

by (G ena ano et al 1991;Lii_ 1992;Ghosmletal 1995):

(? _ (L,jA/Iij}h (32)

<M,j M,j>,, '

where ]_[0 : ;n_Tj -- _TtT and the average <'-">h is supposed to be taken over the ho-

rn ogeneous dkectbn (s). O bvinusly, this approach is _ to spec/algecm _ with

hcmogeneous dkectfion (s). C cm plex gecm etr_s recfuxe an a/bexnati_ trea_ ent in w hJch

a bcalde nitJc_ of the parameter C can be proposed. This is the case in the bca_l dy-

nam Jc procedure devebped by G hosalet aL (1995) aswellas in the LagxangJan dynam _c

proceduIe proposed by M eneve_u et al (1996). Inboth cases, the m odelparam et3er is

dk_ct_ re_]arEalto the ]alxle-scale eli Ki dlrough the t_nsor L,; and _][u - I tw illthus

vary fzmm one realisation to another, even if dne underlying LE S's are supposed to be

equiralmt. As _dy m entbned in Sectbn 2 2, the dynam r procedure thus produoes

m odelpamam etE_s that are not unJuersa]_ In the early stages of its deve]opment, the fact

that d_em odelparam _ are dk_-T-]y re3ated to the specic r_lg_tJon ofthe c_ was

consklered advantageous because this a]im_ ed the model to be m ore adap tatJue. Hcw ever,

this property proved to be prob]sa atJc because it generahes highly variable m odelpa-

ram ete_s that cause num er_al ilstab_. Smm e of these practizalprob]6rn s have bea_

resolved in the afmren entJoned ]ocaland Lagrangiml versbns of the dynam]c prooedure.

32. Ensem bA_av_aged dynam _c pxcx_dure

T he enssm ble-averaged dynam Jcprocedure (EA D P ) w e propose here isconoep mal_ very

c]ose to the vollm e_averaged or plane-averaged vermbns (32 ) of the dynam i:procedure.

The only di er_nce corn es from the nahare of the average, wh_h isnow an ensemb]e aver-

age over the set ofLES's.C ons_erg_g thatR LES's (22) ai_ corn puted sireu]taneous_,

the m odelpaxam et_r is now g_en by:

C _ (L'j3Ii3) (33)

(M,j M u) '

where (...) now z_presents the ensemble average.The expressbn (33) is only va/kt ifthe

parameter (7 is sbw ly dependent on space and c&n be t_en out of the t_st ]t_r _. Such

an assam ptizn is not very restri-tk_, however, shce the ensemb]e averaging is l_ely to

smooth out the rapid v-oziatSzaas in the e]d. In the ne_t S_n, _v w ill be seen that

the m ode/coe c_nt does hdeed beccm e an oother and s_ oother as the ensemble size
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is iqcreesed. T he fDnn u]at_n (33 ) guarantees _hat the model param et_rs are un_ers_l

shce they depend only on d%e statJst_propert_ of the 19xg_ ve3ocky e]ds.

Ina sense, the ensemb]e ofLE S's co_onds to an arti c/aldk_mJ:bn ofhQm ogenedty,

whxh alvays exists hdependent of the ecru p]_x_y of the cw .Inthe unexp_ cases

in whlh the m odel ooe c_t reinails _gni cant_ varigb]e in space _r ]azge ensem b]e

sizes,the EA D P coul_ be coupled w 9/_ other approaches l_e the bcaldynam _ procedure

deve_ed by G hos_let al (1995), the Lagm_ngJan dynam _cprocedure proposed by M en-

eveau et al (1996), or the tin e ]agg_]g procedure proposed by P _m el]land Lh (1995).

The ceuplhg of the EADP wg_h any of these methods woul_ l_ad to a neglkl_o]e cost

shoe itwould be used only once fDr the whole enssm bl=.

In smm e cases, the fact that the m odel pazam eter cannot be adapted to the specic

ree]/s_tJon of the l_rge scale ow m _ht be cmns_ered as a drawback of the EAD P. In

pa_llr, a greater adaptabil_y m _ht be des_]e fDr very _tenn itt_nt cws wkh,

_Dr in_ce, bca/ized turbulent spots appearhg insole a ]am inar sea _ enningsonet a]_

1987). Indeed,wh_% the tuJou]ent spots app6mr random ly in a stati_]ly hcmogeneous

dora a_h, the m odelparam etar pr_d_J3sd by the EADP is qu_nstant and is weakly

a _ by the turbul_zt spots. In fact, the EADP im p]]c_ assam es that the model

tEnsgr 7rhj _[] should, abne, take care of the _rbul_=nce act/u_y. W e _mg/ize however

that, because the pe_ct m odelis not ava/lmb]e, the assure ptJon ofa un_ers_iparam et_r

m _ht be sireet/n es inappropriate, dependhg on both the nature of the ow and the

model adopted _r _n{j _[]. However, it must be notsd that the same di culty woul_

be encountered fDr mode]s that use pazam et_rs that are chosen a pr93ri as well as fDr

dynam]c m ode/s that are based on vo Jam e or plane averaging. M or_over, in the test

cas_s presented in the folk_ hg sectigns, the pr_dJct_ons of the EA D P are encouraging.

M ore localized approaches (Ghosalet a_ 1995; M eneveau etal 1996; PJmm elli& Li/

1995) _r whkh the assure ptJon of a unJm_salm odelparam et_r _ not adopted woul_

probably respond m ore strongly to int_m 9d_nt ows. Itmust be noted, however, that

dnese generalized dynam _c procedures are usual_ cram b_ed w _h m ode3s that are based

on sta_approaches. In these cases, use of the I_ dynam _c m ode/in a sense

contrad_Ts the underlying sta_assum ptJonsused to bui]d the eddy v_cos_y m ode]_

F inaI_, w e reinazk that the m odelparam et_r ]s the on_ coupling between the di er_nt

LES's. The di erence between DNS, LES, and an ensemb]e ofLES's coup]ed through

theEADP isiUustzated _ gure l. Asa oonssquence, theEADP ]sp_ suited

fmr d_r_utsd proeesshg on parallel cam put_rs. T he most natazal inplan entat%]n of

this procedure am ounts to nnaning each m _n ber of the enssm bl_ of LE S on a s_0arat_
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a : DNS

b : LES

i
: i * C=_nlllutc_t

k...!_.y.y-7..t_:!....'

. _','_n_put?" t

c : Ensemble LES

FIGURE I. The dif[erences between DNS, LES, and ensenlb[e of LES's using tile EADP are

illustrated. In DNS (top), only the right ]rand side of tile Navier-Stokes equatious is ,we(led

for _tdvancing the velocity field in time. In tr,'u:litional LES (middle), an additional modelling
"'sterm is needed In the EADP (bottom), one substep, _'o,nmon for all the LES .', is added for

computing tim model parameters used in em'h of the simulations. This is the only point where

information is required from the other fields.

node. Cmm m unJcatJon between the di er_t processes is ]in _ to the corn putatJon of

the model coe cJent. O therw ise each e]d _i[ is advanced h tim e _dependently of the

others. T hJs property _hou]d guarantBe very good scalabil_y iflarge ensure b]e sizes axe

expbred.

4. Tests in isotropJc turbulence

4 i. D ecmyiqg t3/r]:u]e_me

T he E A D P descr_3ed in the previous section was tes_d h decay_g JsotropJc tu_bu]enoe

_r 323 LE S 's.T he t_nsor n_[._ was chosen to oorre_0ond to the Sm agorinsky m ode]=

r 77,r -/;r

r,j _ -2Cb 1,5,j (41)

A serg_ of num erizal experka ents has det_mn bed (C axati et al. 1996) hcxq b_rge the

ensemb]e of sin ukane_)us LE S's must be (i.e. how :b__e/{ shoutfi be). T he _ used

to detrain he them him alsJze of the ensemb]e were fDcx_sed on

i. The spatialvarJabil_y ofC.

2. The percentage ofnegatJue (7.
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FIGURE 2. Typical one-dinmnsional profiles (left) and probability distribution function (right)

of C m decaying isotropic turbulence for R = 1 (long-d_hed line), R = 4 (short-dm_hed line)

and R = 16 (solid line). The averaged value of (C) _ 0.02 before clipping is ahnost indel)endent

of the ensemble size. The expected "smoothing effect" of the ensemble averaging is reflected [)y
;t rapidly (te(:reasing deviation a[, = ((C - (C)) 2) with R. For instance, at. _ 0.5; f(,r R : 1,

(_c' _ 0.O(i for R = 4, and _c' _ 0.02 for R = 16.

3. C em parg_n w ith the volnn e-averaged dynam i: model

4. C conpar/son w/th dJr_zt num eriml sin u]ati]ns.

The results are quite encouraging. Itappears dlat with on_ 16 sin ultaneous LES's,

the 6_sem b]e-averaged dynam Jc m odelperfmnn s as well as the vol/m e-averaged m ode_L

The spatJalvarJabil_y of C decreases dzast_ when R increases. T his Jsa]so re ectmd

in the probabil_ d_tr93ut_bn function {PDF) of C {see gure 2). Some quant/tatJ_e

m easurer_ ents of the spatial variabil_y as a function of the enssn b]e size are given in

Tab]e i. In partJcalar, the fraction of negat_e C befDre clipping drops frcrn 41% fmr

R : 1 to 15% _rR = 16 .Hence, d_e _actJon ofpo_ts fDrwhi]h (7 has to be cl_pped Js

st/llsk]ni cant even _rR = 16. H ow6-vEr, the oonsequ_oes of _h_s clJpphg are lees and

]e_s s_ni cant because die cl_ped values of C have sn al]_r m agn_des fDr hcreasiqg

ensem b]e sizes. For _.st_nc_, the ratio between the averaged va_hes ofC befDre and afl3_r

the cl_ping _s on_ 0 2.9 fDr R : 1 while/£ reaches 0 _i _r ]9 : 16. H enoe, the e ect of

cJJpphg on physimlquantitg_ l_e the energy dJss_ati)n beoan es sn all for[{ > 15.

T he cornpazimn between a 512 a D N S and _he dynam _c model _now s good agreement

both _3r dne total resolzed energy and fDr the spectra. The _qsemb]e-everaged results

fDr R = 16 are indJsti_gui/nab]e frnm dne vollm e-averaged values and only the EAD P

results arepbtte_ on gure 3.An ensemble of independent voJ/m e-everaged LES'swas

m_n to _ corn parch ofboth the m sans and the standard deviatJmns.

4 2. Fozr_d tuzba]snme

W e have run an _nss, b]e of 16 32:IfDrosd _/_bu]_nce LE S 'sw _th zero mo]ecular viscosLvy.

F ljure 4 sh_ s that the mean r_so]ued energy and hhe standard devi_t_bn evo]ue sin i-
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Rl

1

2

4

8
16

32

TABLE 1. Average and standard

Before clipping After clipping

0.018 0.29 0.089 0.19

o o27 00480.081
0.020 0.031 01040

0.019 0,031 0.024 0.024

0.018 0,020 0.020 0.017
0,018 0.013 0.019 0.012

deviation of tile inodel coefficient (before and after clipping)
versus tile ensemble size,

0.5

0.0
0.0 5.0

Time

FI(;t!RE 3. Conq)arison of tile energy decay [/etween tile truncated DNS (solid line) and tile

averaged energy predicted by tile set of LES's using EADP (dmshed line). The dotted lines

correspond the averaged energy,/ :k one standard deviation _u_ predicted by the set of LES's using
EA D P.

larlF fDr both the vo]um e-and ensem b]e-everaged mode]s. This _nows that dne coupling

hduoed by the cnm putatJon of the m odelparam eter thi_ugh the EAD P approach does

not htmoduce spurbus corre]atbns between d_e di erent m 6m bets of the enssa b]e. T he

standard devJatJons reina_h sin ibm h d_e two approaches, hdJcat_g dnat the LE S e]ds

in the EADP r_n ain near]y as _dependent as those in the ensemble of hdependent

vollm e-averaged sin ulatJons. Itis_ intEm_st_g tm ccrn pare the corn pensetvaed energy

spe_:mam E(k): E(k)kr'/ae-2/:_,whereE(I, ") is the enercjy spectrum and( is thedJs-

sipatbn rate. 0 f oourse, with 32 :{ LES, we do not exp_-T te observe a we/1 devebped

_ertJal range or to obtmh a very good _ at_ of the K okn ogorov oonstmnt. How ever,

exam inatbn of the results m gure 4 iadkates that the observed \K oka ogorov eonstant"

is reasonable.

5. TestsJn wake ows

T he ow consJdered here Js a tin e-_vo]uglg plane wake fmr which data frcm both

dJr_ct num erJcalsimu]atJons _4 oser& Rogers 1994;M oser et ai 1997) and large eddy
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FI(;I*RE 4. Resolved energy (left) and compensated energy spectrum (right) in forced isotropic

turbulence: ensemble- (solid boxes) versus volume-averaged (open boxes) dynamic procedure.

Dotted lines and dm_hed lines correspond to the mean 4- one standard deviation in the EADP

_tnd in the vohlme-averaged dymtmic model, respectively.

sin ul_tJons (Ghosg/& Rogers 1997) are avaibb]e. This ow is both sta_ non-

stationary and inhmm ogeneous and _ou]J thus be a m ore d_n anding test of the EA D P

than the hom ogeneous ow s studied i_ the prevbus section.

T he pseudospectmaldJr_ct num eri_l s_ u]atJon of the plane wake considered here has

been described in deta/iby M oser& Rogems (1994) andM oser, Rogers& EwJng (1997).

T he spadald_pendence of the _dependent varinb]es is representmd i% the peri]di_ stremm -

w Jse and spanw ise dir_cti3n_s by Fo_bas_ functbns and the czo_ dependence

is represented by a class of Jacobipo_nmm ills on a mapped in nite dram ain. Up tD

512 × 195 × 128 m odes are requked tD accu_t_y resokze the _bul_ce. The R eynolJs

num bet based on the iqtmgzatmd m ass ux de cJt,

+ .v_
It = - (U(_)- U_)(ty (52)

Js Re = p/u = 2000. Ina ti_ e-evotrhg ptane wake, the int_r_atEd mass ux de cit Js

eonstant.

LE S 's of the sam e ow ushg the dynam i= procedure, wJth a ]tered DNS e]das

an hiti_ conditbn, have been reported by Ghosal & Rogers (1997). The sinulatbns

were pseudospectral ]3ke the DNS, but the spatial dependence of the vortJcJty M the

inhc_n ogeneous cross-str_lm dJr_:bn iszepresentsJ _ t_zm sofFouri_m odeson a nitro

dcrn ain. The approprJat_ non-perigdJc veJocJty eJd is then ca]cu]ated using the method

ofCorral& Jin enez (1995).The number ofm odes used _ theLES'swas 64 × 48 × 16

and the sam e hum ber ofm odes and sam e num er]calm ethod have been adopted (C arati

& Rogers 1998) fi3r the EADP LES'sexam ined her_.Thus each LES requires up to 260

times f_wer m odes c_m pazed to theDNS.
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5 i. The su/_jzJd-s(m]e mode]s

I n the pz_Ent study, w e have 91vest,arid three di er_nt m ode]s, all based on the eddy

v_cosity conc_ot. T he rst one is the Sm agor91sky model 91troduaed 91 the previous

section (41). Inthism ode/, the 91ertimlrange scalhg fDr the eddy viscosgcy yt _ --41:_ I/3

is expr_ed in _ s of the resolzed stra_nrat_ Densorby using d%e apprmxim at]on fmr the

--r -_,r

dg_patJon made _ _ L,tSkl 5 kl -T his approxgn atJon isrequked h trad/_onalLE S because

a separade equatbn fDr the dissipation made is not usual_ ccrnpuDed. However, h LES

bas_ on the dynam Jc prooedul_, the din ansionalpzoduct C, : C _-113 can be pred_3_d

dk_ctly. This has m oti_Ded (W ong & Lilly 1994; Caratiet ai 1995b) an _at/ue

m odelbased on the 91ertialrange scalhg sud_ as

r _rM odelA : Ti) _ -2C'--4/3 ' u" (52)

F inal_, w e have considered a thkd model _Dr w hJch the t_nsor T_ Js gJuen by the expres-

sdon (2]3)

_2C,,--4t:, Cn, r --r )M odelB : Tu _ ,5u - (SU) , (53)

w here the brackets 91dJcade ensan b_zag91g over all ree_tJons. T he posmb]e advan-

tages of this ]astm odelhave been disa/ssed 91 section 23.

Inall_m odel% the s_n of O (or ofO, ) w illalso det_nn he the sk3n ofthe subgr]d-

scale diss_atbn, shce a negatJue O corresponds to a negative eddy v/szos_y. Inorder to

avoid nurn erScal 91stabi]__%_, the m odelparam eter must then be set equal to a m 919n al

positive val/e (cl%pp91g procedure, see Ghosalet a]_ (1995)) at points where the total

v_os_y (eddy plus m o]ecular) is negatgm_. For the Sm agor91sky m ode], the stability

cond/tJon

C--2 / --r--r \W2
[2,S%iSkl)+ _.> 0 (5.4)

depends on the r_tzbn. T his is an unde_]e property shoe (7 is supposed to be a

unJuersal ow charact_ fDr allm erabers of the ens_n b]e. An _atz_e fmnn u]atJon

in whkh (_'is _Ideed the same :[Drall reactions results _ the _Ibw91g stmbil_y

condition

(7-2 mrax 2,Skl,Skl + I/.> 0. (55)

Inthe i_ it ofan in n_De number ofr_a]i_tJons, them ax_ um ofthe r_so]ued stra91-raDe

t_nser am p]/tude wou]d be aln ost unbounded. H enoe, fDr the Sm agol-hsky m ode], it is

reasonable to s_ piz in pose C > 0. Form odelA, however, the s/tuatJon isdi erent. T he

stabil_y condition isnabara/ly the sam e in each r_a/isatJon

, --4/:_
, + Vll > 0, (5.6)
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Forsinplbity,thesameeonditbnhasbeenusedfmrmodelB.

52.TheJn_oondi_ns

Inpracti_,h_condJti]ns fDrLEScanbebuiltekherby _g aDNS_henit Js
avai]ab]e)orbygenerat/qga random ve]oc_y ell smds_iqg smm e const_edqts (as d/s-

cussed in Section 2 i). For the EA D P, w e have to generate R equiral_t but independent

e]ds. Inthe case of Jsotropiz _/_bul_noe, the on]F oonstr_t that had to be smtis ed by

the i_it/al ell was the energy spectrum .W e thus have used R ogalb's approadn (1981)

to build R i_/tJal conditions with hhe smm e spectzum and independent phases. For the

tin e-evo]ui%g plane wake, random hit_ ccnd_-hns eoul_ be generated fDlk_hg the

sam e approach as the one used fDr ilJtJ_g the D N S. How ever, fi3rthe plane wake, a

19_rgenumber ofquantiti_s arEm easurEd and any number of them m ijht be consilered as

oonstrahts that need to be m a_ta_ed by all re_tJons (eg. pro ]_s ofm ean vebcity,

turbulent kiqetiz energy, enstrophy, e_.). The m ai% puzpose of the present s_]dy is tm

test the EADP _ather than ev-a]uatJng an ilitJ_tbn procedurE. For that reasgn we

have used a sin pie trick to generater sta_ ilentimli_it/al ells.0 urprocedurE

is based on the fact that the observed quant_ ate cc_n put_d through plane _ges

and are thus Jn_t under the change

ui (x,y, z,4J) --_ ui _ + 6_, _/,z + 6=, &)) - (5.7)

Thus by using R vaJues of (6_,6_ ), R :hJ_ vebcity ekls are pz_]duoed that c]earihz

satisfy the requJrEml ent that the LES r_ti]ns be sta_ equkra_t. However,

this prooedure does not produce sta_ 91dependent :hJtig_loonditJons, even w id%

random choizes fmr (6_ 6zT ), because the two e]ds az_ ilentJcal and sin ply shi_ in

space. W Jthout the subgril model tm_n s, all the statJstJns would r_n ah ilent_kml fDr

all tin es. H ow ever, the model _ s w illhave the desJrab]e e ect of de<_or_tJng the

di er_nt mem bees of the ens6r_ b]e. T his ZESU]tS because the un Juersmlm odel _ s act at

the sam e Cr -- z ) bcati]n il all the r_ti]ns, not at the sam e r_]atJu_ position in the

/nifhmd ows. Examp]esofth_de-oorrE]at_bnaregJu6n_] gure5, i_whi]hthereduced

m auxineL1di erenoe

m a_ .........|)I.(<2)- m i% .........hh'(<2)
<2 : {5.8)

<<2>
is gJuen fDr V_US quant_ <2 l_ke the wake wilth, the reso]ued tu_bu]6nt kinetic

enemTy density _te_matmd in y, and the r_so]ued t_rbu]s_t kinet/z energy d_atJon

rat_ ht_grated :h ft.For these glbbalquantit_, Q Js or]g'hal]F 0 and rapidly reaches

vahesofthe ozderof5% .W e :hvesti/at_d thebehavJour of <2 _ra bcalquantity, the

maximum gri]-poiqtv-cu]Ue ofthe streamwi_evozT/_JL!z oomponentu_:r[],_x. HerE, (_ is
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integrated in 9 (left, dashed line), the resolved turbulent kinetic energ7 dissipation iutegrated

in !/ (left, dotted line) and the mmximum grid-point vahte of the :r-component of the resolved

w_rticity, w_;,,_× (right)

originall] 5% and rapkily reeaches valaes of the order of 20 to 40% T hese m easursm ents

iadrate a fairly rapki de-c_rre_]atim of the di emmt mem bets of the ensemb]e.

A ga]% we stress her_ that thJsm ethodo]ogy used fDr building the inJtJaloonditigns has

the m a2br advantmge of guaranteehg that the stat_pzDper_ are initJa/]yki_ti_

_Dreach rea/izatJon,whi_resultspresented in gure5 indizate rsasonab]ede<x)r_m]at]ens.

How ever, w hen no D N S Jsavailable, Jrw illbe unavoidable te devebp a suitmb]e approach

fDr building initJalconditi]ns thatw illsatisfythe _ o findependence and equ_oe

as descrabed in Sectian 2 i. In that case, the oonstraints to be saris ed by the in_

oondjri]nswillm ost probably ccra e frcra experin entmldata.

5 3. Testsof con_zg_nme

In order to test the convergence of the EADP l_sults _)r hcreas_g val]es of/{, two

types of tests wem_ perfDnn ed. First, the ensem b]e-averaged vaJues of several reJa-Tant

quantJti_ iq the tin e-evokring wake ow have been ccra pared fmr v-o/-bus ensemb]e sizes.

Inpa_rti-_lar, the results fDr (i) thewakew klth, ({i)the tu_bu]e_]t kinetic energy density

hNted in 9 and (iii) the turbulmt kinetiz energy dissipat_bn rate integrated i_ it/

cramp_ fmr /{ : 4, 8, 16, and 32. A s can be seen from gure 6, only the terbu]6nt

k_letJc energy integrated 91 y Js a ected by the number of rea_ti3ns. However, the

v-aJnes obtmined with 16 and 32 _tigns ax_ altoost indJsthguJahab]e fDr all three

quantitSes.

Second, the iq uence of the enssn b]e size on the oom puted eddy viscosjry was exam -

ined. The pro ]e of the mean eddy vJscosdhy and the fraction of grki points fDr which

the eddy viscosity has been clipped aeeording te the _n (5.6) are ocrapared fi3r

the sam e values of/{ iq gures 7 and 8. A s sean in gul_ 7, the eddy viscosity pro ]e
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FIGURE 6. Convergelme of the ensemble-averaged evolutions of the wake width (top left), the

resolved turbulent kinetic energy density integrated in y (top right) and the resolved tm'bulent

kinetic energy dissipation integrated in ._/(bottom). Various ensemble sizes are compared: R = 4

o R=P+:_, R= 16o, and R=32 /k.

depends only weekly on the num bet ofz_a]Js_tJons ]brva]ues of R between 4 and 32, and

the pro ]es are nearly ilentizal fDr R : 16 and R : 32. A s expected, the f[actJon ofgril

po_lts requJrilg cllopJng of the model ode cJ_nt (7 zapJdlf decreases w ith R ( gure 8 ).

T he total fraction of clipped points iltBgrated :h y :isless than 1% :[Dr R : 16 during the

entire sin u]atJon. T his, corn bJned with the very sn all d_ange h most of the ensem b]e-

averaged quantitJ_ as R /s h_ from 16 to 32, supports the adoptfion of ]_ = 16

as a reasonable ensemb]e size fDr both model t:ms-tilg and production LE S. Because this

value of R :isthe sam e as that requkEd fDr the sin u]atim ofhom ogeneous tu_bulmce, it

seem s reasonable to hope that R = 16 provides an adequat_ ensem b]e size fmr tlne EA D P

Jn even m °re cc[n Pli3at]ed gecm etrJes"

The oQm p_n between vari)us ens_nb]e sizes Js presented here on]I/ fl3r m odelA

(2 A). T he sam e conclusions concerning bhe convemgence of the resu]ts and the appropriat_

vahe of R are obtained w hen either the Sm agori_sky model or m odel B (2 _5) is used.
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5.4. C Qm par/son of m cde]s

A s a]ready m ent_ned, an in portant m otJuatbn :rDrdevebpgtg the EAD P .isthe possi-

bi]/L%,of i%vest__athg new concepts _ subgrJd_sca]e m odellhg. H ere, the it_ D N S

ofM oser, Rogers, & Ewing (1997) Js ccm pa_red with the LES pred_/3ns of Ghosal&

Rogers (1997) and the pred_T_bns of the m ode_]s presented 91 se_n 5 i. W e have also

added the resu]ts o fa L E S without a smbgrkl-ssa_ modeL I n all cases, and in agrean ent

with the conclusion of the preced_g section, the sin ulati)ns _)r the EA D P have been

perfDnn ed w ith R = 16.

T he rst in portant conchsJon is that the plan_ged and ensem b]e_veraged dy-

nam Jc procedures lead to indistinguishable results when they are appliml w _ the sam e

m ode]_ For instance, in the LE S ofG hosal & Rogers, the plane-=mTez-aged dynam Jcprooe-

dure w as in p]sn ented w ibh the standard Sm agorhsky m ode]_ T heir resuks are ilentJcal

to those obta_ed w hen the Sm agorhsky m ode/is used w Jth the E A D P. In the fDlkxv iqg
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obtained from the filtered DNS .; the Smagorinsky model --, the model A [3, the nmdel B +,

and m_ model x.

cam parison, the Sm agorhsky case w ill refer to both the EA D P and the p]an_eraged

LES ofGhosal& Rogems.

The evollt:bnsof ({) dnewakewJdth, (ii) the reso]ued turbulent kinetic energy densJZy

htegrated _ _d, and ({{i) the reso]ued turbulent kinetic energy production intEgratEd Jn

*/ aze presented in gure 9. The wake width is dam ina03d by ]azge-scaOe ow fmatures

and consequently is not strongly/ a echsd by the mode]s. A ch/a/]g, the predation of

the LES w 9dnout a subgrk1_ca]e m odel (an under-reso]ued D N S) provides a reasonable

approxl-n atJon to the value obt_thed by ]Immglg the D N S data.

The turbulent k_et_ energy density intec/zmt_d in ._1is m oze di cult to predict ushg

LE S. N ot using a subgr_x_]e m odelresu]ts in poor pzed_-TJon of zesolged energy den-

s_y. M odelA leads to akn ost the sam e result as the Sm agor_sky m ode_L T his is a genemal

f_ature of the dynam _c procedure that has been notBd pz_/_ousl] _N ong & Lil_ 1994;

Caratiet ak 1995b}.H owever, w_hiq thedynam ic proc_m]ure approach, m odelA isccm -

pu tationa/]y much cheaper l:m in p]Em ent than the Sm agorin_ey model and this m otkrahes

the use of the scalhg (5 2 ) ][Dr the sub_jrid stress instmad of (4 _I ). T he model B, fram
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w hJch d_e 6nssm b]e-averaged resolved stra_h-rat_ has be_ r_n oved, leads to r_sults that

bettar ttheDNS datm_ the ear]_, stages of the si_ u]atJon. At ]at_rtimes, however,

this m odelis _rther _ the ]t_r_m]DNS vahes than m odelA and the Sm agor_q,

m ode]_ Ingeneral the pred_ns ofallthr_e m ode]s seem oom parable.

T he evolution of the turbu]ent k_hetJc energy product_n a/so _now s the in portant role

of the m ode]s. The no-m odelLES pl_d_T_k_ fmr the resolved energy production ismuch

too h_h h the early stage and too ]3w at ]attartin es. A ga_h, m odelA leads to akn ost the

sam e result as the Sm agorin_<y m ode]_ M odelB syst_n atJ_/]Z over-predhts the ener95,

production. However, it would be rather specu]at_e to draw any de nit_ue conclusion

r£gardhg whi/_ model _ or B ) isbett_r from dne resuks press%t_d here.

6. C onc]us/ons

The bests presented here have shown that the knowledge of stat_ equivalent

z_o]ued vebc_y e]ds may be useful h der]viqg new s/b_-_za]e mode]s. W e have used

the additional _Dnn atJon available _ d_e di erent LES's to propose an ensem b]e-

averaged version of the dynam]c p_ocedure. T his dynam Jc procedure presents several

advantages.

Fkst, a ]ocalvers_n ofthe ensem b]e-averaged dynam rm odel_ derJued in the im ±of

19/ge enssm b]e sets. T he ]oc_l fDnn ulatJon does not _ on any hcfn ogene/ty assure pt_bn

and can be adapted tm any geometry, unl_e dle clasmbal vol/m e- (or plane- or lhe-)

averaged dynam]c mode]s.

Second, dne practizal ]in/t of l_rge ens6mb]e sets is cbse]z approached fDr R _ 16.

Th_s is _id]cat_d by m any diagnostics. For ew_nm pie, the PDF of the m odelparam et_r

appears to be very peaked fDr R : 16 and its spatJalvari_tJons d_ d_ fDr

_cr_ashg6msemb]esizesand seem tmbequ]temi]d fDr_: 16.Also, allthem_asured

quan_, both h homogeneous tunbu]_nce and 9] the plane wake, are aln ost _dentJcal

fDr R : 16 and R : 32. T his is,of course, a m ajar encouragement fDr _/rther devel]p_g

the EA D P m ethodoloqy. T he fact that the sam e va_he R : 16 appears tm be appropri_t_

fmr both ham og6neous tuzbu]Hnce and the plane wake suggests dnat this m _ht be an

adequat_ enssm b]e size fDr oonverged resu]ts even in m ore ccm plm< ows.

A ]so, the EA D P r_oncJ]_ the dynam]c prooedure w 9i% the conoept of a unJuersml

pazam et_r _ turbulence m ode/lhg. T his isa very d_]e property shoe itis cam m only

accepted that m odel param et_m_ _hou]d depend on_ on the e_ten%al cond95ons of the

ow and not on the parti-m]ar realg_tbn that isobserved.

C ons]derg_g the rapid de_e_m ent of pa_zal]elcam put_s, the use of an ensemb]e of
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stm_ equira]sntandinde[oendentLES'scanberegardedasaverypranJsingtmch-
nJque.ThistedmJquecanbeinp]ernentmdwJ/dnfairlyamall ensemb]esizes. O r_al

m odellilg concepts that cannot be inp]sn ent_d il fully :h_hem ogeneous ows by con-

ventJonalLES t_ffmJques are poss_o]e w ith_1 the f_am ework of the EA D P and warsant

farther emtam inatJon. M oreover, the addJlJonaloc_ putatJonal cost generat_:l by the use

of R sin ukaneous LES's could be compensated by the fact that statistizs can be accu-

m u]at_d mud_ _wJ_h the enssn b]e ofLES's ifone ensures that all the reeJi_tJons

are statJ_ ildependent.
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